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a b s t r a c t
Background and purpose: The purpose of this study was to evaluate the effect of an in vitro
simulation of intraoperative vertebroplasty on embedded pedicle screws resistance to
pullout. This method involved an application of acrylic cement into the vertebral bodies
only after pedicle screws implementation.
Materials and methods: For the purpose of conducting this research, the authors used the
spines of fully-grown pigs. The procedure was as follows: ﬁrstly, the pedicle screws were
bilaterally implemented in 10 vertebrae; secondly, cancellous bone was removed from
vertebral bodies selected for screws augmentation and lastly it was replaced by polymethyl-
methacrylate (PMMA). Six vertebrae with implemented pedicle screws served as a control
group. The pullout strength of thirty-two screws (20 augmented and 12 control) was tested.
All screws were pulled out at a crosshead speed of 5 mm/min.
Results: The PMMA-augmented screws showed a 1.3 times higher average pullout force than
the control group: respectively 1539.68 N and 1156.59 N. In essence, no signiﬁcant discrep-
ancy was determined between average pullout forces of screws which were pulled as ﬁrst
when compared with consecutive contralateral ones.
Conclusions: An in vitro simulation of intraoperative injection of PMMA in the vertebral body
instrumented with screws (intraoperative vertebroplasty) resulted in enhancing its pullout
strength by 33%. Pulling of one of the pedicular screws from the augmented vertebral body
did not affect the pullout resistance of the contralateral one.
© 2017 Polish Neurological Society. Published by Elsevier Sp. z o.o. All rights reserved.
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Elderly frequently suffer from osteoporotic vertebral fractures.
In some cases, they require open surgery with transpedicular
stabilization [1,2]. However, the low bone mineral density may
contribute to loosening of the screws holding the spine
stabilizing components. One technique preventing this occur-
rence is to enhance screws strength in osteoporotic vertebrae
by applying bone cement into surrounding spongious bone [3].
Typically, the polymethylmethacrylate (PMMA) cement is
injected into vertebral bodies prior to screw insertion or
through inserted fenestrated screws [3–15]. Recently the
reinforcement of pedicle screws ﬁxation by means of an
intraoperative injection of bone cement using an extrapedi-
cular approach was also described [16]. The following paper is
an attempt to determine the mechanical effect of the latter
pedicle screws' augmentation technique.
2. Materials and methods
2.1. Specimen preparation
For the purpose of the following research the authors used 3
spinal segments of fully grown pigs deceased in the slaugh-Table 1 – The values of the ultimate pullout force (Fmax) and di
Spine vertebra PMMA-augmented group 
Fmax (N) Dislocation (m
Screw I Screw II Screw I Scr
SPINE 1
Th7 
Th8 1003.0 999.0 10.7 4
Th9 
Th10 778.0 1000.0 2.7 4
Th11 
Th12 1630.0 2022.0 5.1 1
SPINE 2
Th8 1548.4 1442.1 13.2 8
Th9 
Th10 2258.3 1682.0 12.6 1
Th11 
Th12 1639.4 2615.5 12.0 1
SPINE 3
Th8 1422.2 1680.1 9.13 9
Th9 1271.0 1320.8 5.7 1
Th10 1663.1 1259.4 5.0 1
Th11 2055.9 1503.4 5.7 9
Th12 
Mean 1526.9 1552.4 8.2 9
MED 1589.2 1472.8 7.4 1
SD 443.3 488.7 3.8 3
Minimum I + II 778.0 2.7 
Maximum I + II 2615.5 13.7 
Mean I + II 1539.7 9.0 
MED I + II 1525.9 9.4 
SD I + II 454.3 3.5 
Abbreviations: Fmax – maximum load/pullout force, MED – median, mm
standard deviation.terhouse: ﬁrst comprised of vertebrae raging from Th7 to Th12
whereas second and third ranged from Th8 to Th12 (Table 1).
Fresh spines were harvested, cleaned for soft tissues and
stored frozen at temperature of 20 8C. Prior to the testing
day spines were defrosted at room temperature for 24 h.
Screw augmentation, cement injection and biomechanical
testing were carried out at temperature of ca. 20 8C in IBeMT/
LfC Medical laboratories (Zielona Góra, Poland). According to
Magerl technique, in each pedicle convergent 40-mm pilot
holes for transpedicular screws were made by means of a 3-
mm drill [17]. Afterwards transpedicular solid fully threaded
screws (5 mm in diameter and 40 mm in length, DERO-LfC,
Poland) were inserted to penetrate up to 1/3 of the anterior
vertebral body. The augmented group comprised of 10
vertebrae in which the anterior of the cortical bone was
cut and through that opening the cancellous bone was
removed using a bone curette in order to expose the threads.
The void left in the vertebrae was ﬁlled with PMMA - its
volume averaged 1.6 ml per vertebral body (Fig. 1). The
control group comprised of 6 vertebrae with nonaugmented
transpedicular screws. After hardening of PMMA, positioning
of each of the screws (augmented and nonaugmented) was
visualized using GE CT scanner equipped in a 16-bit image
reconstruction algorithm with matrix consisting of
1024  1024 pixels and resolution in full CT Hounsﬁeld scale.
In the next step, vertebrae were separated by an incisionslocation in PMMA-augmented and control vertebrae.
Control group
m) Fmax (N) Dislocation (mm)
ew II Screw I Screw II Screw I Screw II
550.3 439.0 3.8 5.8
.4
542.0 556.0 3.8 3.3
.8
976.0 1114.0 6.7 5.5
2.4
.2
1737.1 1004.5 11.1 6.4
3.7
1139.5 2177.7 10.2 16.4
2.6
.1
1.6
1.4
.7
2096.0 1547.0 5.9 10.7
.8 1173.5 1139.7 6.9 8.0
0.6 1057.8 1059.3 6.3 6.1
.2 631.8 647.1 3.1
439.0 3.3
2177.7 16.4
1156.6 7.5
1059.3 6.1
610.0 3.9
 – millimeter, N – Newton, PMMA – polymethylmethacrylate, SD –
Fig. 1 – Spine 2 (Specimen 1/2016), spinal segment with vertebrae Th7–Th12. (A) Posterior view after insertion of
transpedicular screws. (B) Anterior view, vertebral bodies Th8, Th10 and Th12 show removed anterior cortical bone as well as
lack of cancellous bone (curetted) with denudated screws. (C) Anterior view, vertebral bodies Th8, Th10 and Th12 packed
with PMMA.
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(Fig. 2).
2.2. Biomechanical testing
The vertebra was rigidly clamped to the base of the testing
machine MTS 858 MiniBionix II by means of ﬁxture comprising
the plate with a hole, which allowed protruding the pedicle
harboring a screw (Fig. 3A). The head of the screw was ﬁxed to
the adapter with an outer thread that matched the inner
thread of the screw head. The adapter was then attached to the
testing machine and applied loads parallel to the long axis of
the screw. After the vertebra was mounted, pullout force was
applied at a constant crosshead rate of 5 mm/min. The force
and dislocation (D) were recorded as well as the ultimate
pullout force (Fmax), deﬁned as the maximum load sustained
before screw failure (Fig. 3B and C). In the ﬁrst specimen the
screws from right pedicles were pulled ﬁrst, conversely left
screws were pulled ﬁrst in two following specimens. Once the
ﬁrst screw was pulled out, the vertebra was repositioned so
that the contralateral screw could be tested in the same
manner.
2.3. Data analysis
The sets of Fmax and D values obtained in PMMA group were
compared with control one. In PMMA group Fmax and D values
characterizing the ﬁrstly pulled screws were compared withconsecutive contralateral ones. The Kolmogorov–Smirnov test
and Student's t-test were used. The level for statistical
signiﬁcance was set at p < 0.05.
3. Results
Recorded results are listed in Table 1. In the PMMA-augmented
group the force Fmax ranged between 778.0 and 2615.5 N (mean:
1539.7 N, SD: 454,3). Screws' dislocation peak before they were
completely pulled out ranged between 2.65 and 13.7 mm
(mean: 9.0 mm, SD: 3.5). In the control group, the Fmax ranged
between 439 and 2177.7 N (mean: 1156.6 N, SD: 610.0) and
dislocation between 3,3 and 16,4 mm (mean: 7.5 mm, SD: 3.9).
The average Fmax values recorded in the augmented group
were 383,1 N (33%) greater than the average values in the
control one. This difference was statistically signiﬁcant
( p < 0.05) (Figs. 4 and 5). The average D in PMMA-augmented
group 1 was 1.5 mm (20%) greater than in control one. Here the
discrepancy between the two was statistically insigniﬁcant
( p = 0.2635). No statistically signiﬁcant discrepancy was
recorded between the ﬁrstly pulled screws and consecutive
contralateral ones in PMMA group when taking into account
Fmax and D values (respectively: p = 0.9040 and p = 0.3190). One
can conclude that the removal of one of the screws embedded
in PMMA did not affect the durability of the contralateral one.
The analysis of force-dislocation curves allows one to
distinguish 3 patterns: (1) 62.5% – twenty show a gradual
Fig. 2 – (A) Vertebra with inserted transpedicular screws. (B) Anterior view of vertebra, removed cortical and cancellous bone,
denudated threaded tips of the screws. (C) Computed tomography reconstruction image showing anterior part of the
vertebral body packed with PMMA, which surrounds threaded tips of transpedicular screws.
Fig. 3 – (A) The vertebra fixed in the testing machine. (B) Proportional ascending slope of the curve until Fmax point followed by
descending slope. (C) Proportional ascending slope of the curve and plateau (level close to Fmax value) followed by descending
slope.
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decrease occurred (Fig. 3B); (2) 31.35% – ten show a proportional
force increase culminating in a ﬂat segment, which implies a
level close to Fmax value despite the change in gauge
length (Fig. 3C); (3) 6.25% – two records show a steady and
slow increase up to Fmax and a slow decrease once reaching
the peak.4. Discussion
One of the most common methods used for treating spinal
instability is transpedicular stabilization. It enables correction
and immediately ﬁxation of any spinal deformity [2,18,19].
The thoracolumbar ﬁxation systems used via the posterior
approach are attached to vertebrae by means of screws, hooks
Fig. 5 – Boxplot of pullout force (Fmax) registered in both
groups. Large box: mean W standard error. Small box:
mean. Whiskers: mean W 1.96 standard error.
Fig. 4 – Values of pullout force (Fmax) registered in both
groups (PMMA-augmented and control), ranged in
ascending order.
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implemented through all three spinal columns present the
highest pullout resistance when taking into account low bone
density [2–21]. However, in cases such as patients suffering
from osteoporosis, low bone density affects their biomechani-
cal resistance to pullout [1–3]. Furthermore, attempts of
transpedicular stabilization face a common problem of pedicle
screw loosening [2–5,13–15,22]. To eliminate the risk of such an
occurrence the reinforcement of screws purchase with bone
cement (PMMA) is commonly used [1–10,13,14].
Majority of authors advocating this approach ﬁrstly ﬁlled
the vertebral bodies with cement and afterwards inserted the
screws [1,4,6,11,13,15]. The most common method comprised
injection of the PMMA into the pilot holes taped in pedicles;
consecutively transpedicular screws were inserted in holes
before cement hardening. Consequently an increase in
holding strength was observed. According to research con-
ducted by Becker et al., the results were 1.5–1.8 times greater
[4], Burval et al., noted a 90%-255% increase [6], and Sarzier
et al., 181–213% [14]. Frankel et al. constructed a novel
fenestrated bone tap by means of which PMMA was injected
into the vertebral body, next having removed the tool a pedicle
screw was inserted. They reported that Fmax increased in
primary and salvage procedures by 119% and 162% [8,9].
Yamana et al. invented the non-threaded ‘‘pedicular nail’’
designed to be inserted in transpedicular pilot holes previously
ﬁlled with PMMA; its average pullout strength reached 760 N,
while the control nonaugmented screws resisted 346 N [22].
Experimental results from different studies listed above differ
depending on the technique and bone density. Approach that
is set apart from others is injecting cement through cannu-
lated pedicle screws into the cancellous bone [4,5,10,13]. In
2012, the ﬁrst author of this paper described the method of
cement application combining the advantages of vertebro-
plasty with the possibility of enforcing pedicle screws [16]. The
procedure began with the insertion of the pedicle screws into
the vertebrae. Later a vertebroplasty needle was unilaterally
inserted in each instrumented vertebra using an extrapedi-
cular way. The point of insertion was situated between the
superior vertebral endplate and pedicle, in the line joininglateral margins of pedicles. Needles were inserted to reach the
anterior third of each vertebral body. Then PMMA was injected
consecutively through needles, which were removed after-
wards. Once the cement hardened, corrections to the spinal
kyphotic deformity were made and the spinal stabilization
system was ﬁxed [16]. The research made by Higgins et al.
served as a point of reference for the authors when estimating
the biomechanical value of the above-mentioned method [23].
Higgins at al. reported that unipedicular injection of an
amount of cement equal to 20% of vertebral body volume
resulted in a 36% strength increase as compared with non-
augmented controls [23]. The main goal of this paper was to
evaluate the resistance to pullout of pedicle screws inserted
into the vertebral bodies and in vitro embedded in PMMA; the
cancellous bone was curetted from vertebral bodies prior to
PMMA application to eliminate the inﬂuence of bony trabecu-
lae. Secondly, its aim was to determine whether removal of
one of the pedicle screws embedded in PMMA would have
inﬂuence on the durability of the contralateral one. The
conducted research revealed that in case of pedicle screws
embedded in PMMA the average pullout strength required was
1.3 (133%) times greater than in case of the ones without
PMMA; which is comparable with Burval et al., and Frankel
et al. results [6,8]. Pulling out one of the pedicle screws did not
result in diminishing the durability of the contralateral one
(mean Fmax values statistically indifferent, p = 9040) although
both were embedded in the same chunk of bone cement. All of
the presented results provide ample evidence supporting the
thesis that intraoperative PMMA augmentation may signiﬁ-
cantly increase pedicle screws holding strength.
Limitations to study are as follows: animal vertebrae not
weakened by osteoporosis were used, no bone mineral density
examination was performed on the specimens and a relatively
low number of vertebrae were tested.
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An in vitro simulation of intraoperative injection of PMMA
in the vertebral body instrumented with screws (intraopera-
tive vertebroplasty) resulted in enhancing its pullout strength
by 33%.
Pulling of one of the pedicular screws from the augmented
vertebral body did not affect the pullout resistance of the
contralateral one.
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